Adjuvants mainly interact with the innate immune response and are used to enhance the quantity and quality of the downstream adaptive immune response to vaccine antigens. Establishing the safety of a new adjuvant-antigen combination is achieved through rigorous evaluation that begins in the laboratory, and that continues throughout the vaccine life-cycle. The strategy for the evaluation of safety pre-licensure is guided by the disease profile, vaccine indication, and target population, and it is also influenced by available regulatory guidelines. In order to allow meaningful interpretation of clinical data, clinical program methodology should be optimized and standardized, making best use of all available data sources. Post-licensure safety activities are directed by field experience accumulated pre-and postlicensure clinical trial data and spontaneous adverse event reports. Continued evolution of safety evaluation processes that keep pace with advances in vaccine technology and updated communication of the benefit-risk profile is necessary to maintain public confidence in vaccines.
Introduction
The thorough evaluation of safety is a crucial element in the development of any new vaccine. Vaccine manufacturers are responsible for the demonstration of safety prior to licensure of new vaccines for public use, and guidelines for the formal evaluation of vaccine safety have been evolving since the early 20th century. 1 The safety evaluation of any new product is performed in conjunction with competent Regulatory Authorities.
Despite the fact that the safety of vaccines compares very favorably with that of other pharmaceutical products, 2,3 serious side effects have rarely occurred with vaccines, prompting increasingly rigorous evaluation processes. From a public health standpoint, the benefits of vaccination include not only the prevention of disease outbreaks and epidemics, but also the reduction of morbidity and mortality due to the disease itself in the targeted population. From a health economic perspective there are also direct and indirect benefits related to improved quality of life, productivity and reductions in healthcare costs; and from the individual's point of view, the benefits of vaccination may include prevention of the disease and its complications. However, the perceived benefits of vaccination may be less obvious to the public than its real or perceived risks. 4 In the past, public perception of a safety risk associated with vaccination has been linked to major decreases in vaccine coverage followed by severe disease outbreaks. For example, in the 1970s, concerns around the safety of whole-cell pertussis vaccines in the United Kingdom led to widespread public distrust of pertussis vaccination with dramatic falls in vaccine coverage, falling to 31% in 1978. 5 This was followed by repeated pertussis epidemics on a scale not seen for decades ( Fig. 1) , with between 17,000 and more than 65,000 pertussis notifications received annually between 1977 and 1983. 6 Between 1977 and 1979 alone in England and Wales there were 5000 admissions, and 38 deaths due to pertussis. 7 More recently, a preliminary analysis identified that decreased vaccination rates were potentially responsible for the 2015 United States (US) measles outbreak linked to the Disneyland Resort in Anaheim, California. 8 Robust and transparent processes for the assessment of vaccine safety are thus necessary to help to ensure public confidence and continued high uptake of individual vaccines. These processes include continuous dialog with Regulatory Authorities to take into account vaccine-specific and country-specific concerns and requirements.
GSK Vaccines has been manufacturing vaccines for 60 y and produces more than 30 vaccines that are distributed worldwide, many of which contain antigens that require additional components (known as adjuvants) to enhance their immunogenicity; particularly when the antigens are highly purified. Adjuvants (such as aluminum salts) have been used in vaccines since the 1920s. 9 Recent advances in our understanding of how the immune system responds to infection now allows adjuvants to be better 'tailor-made' to enhance specific components of the immune system, thereby improving their clinical effectiveness.
GSK Vaccines has developed a range of proprietary Adjuvant
Systems that are used in currently licensed vaccines or in candidate vaccines under development. 10 As is the case for any new vaccine, the development of adjuvanted vaccines is accompanied by an exhaustive evaluation of safety which starts in the laboratory, and continues after licensure and throughout the vaccine life cycle. As an expert leader in the field of adjuvant technology and adjuvanted vaccine development, GSK Vaccines is well placed to understand concerns that may arise around the use of new adjuvants and to evaluate and monitor the safety of these vaccines. Here we describe the vaccine safety assessments routinely performed by GSK Vaccines for adjuvanted vaccines.
Vaccines containing adjuvants: key features that guide safety assessments
The first adjuvant used in human vaccines was aluminum salts. Even though the mode of action was not known, aluminum salts were added empirically to vaccines when it was observed that they could increase the antibody response induced by a specific antigen. 11 By contrast, modern adjuvants, which may contain several immunoactive components, are selected based on their individual ability to direct and enhance specific immune system functions. Six new adjuvants have been used in licensed vaccines in the last 20 y. 9 These include oil-in-water emulsions, which are based on squalene, a naturally occurring oil; 12 virosomes, which are spherical phospholipid layers carrying antigen either bound to the surface or encapsulated within the lumen; 13 and adjuvant combinations (Adjuvant Systems, AS) such as AS01, AS03 and AS04, which contain several components specifically combined to enhance and modulate the immune responses. 14, 15 Vaccines destined for use in humans contain carefully selected antigens that are frequently highly purified, as well as other components such as adjuvants, stabilizers, preservatives, and potentially residual trace substances (such as egg proteins, antibiotics, or formaldehyde) left over from the manufacturing process. Safety is rarely assessed specifically on these components alone because they are never administered individually in clinical practice. Rather, safety is assessed on the whole final vaccine product, which is the most clinically relevant evaluation. Each vaccine combination of antigen, adjuvant and excipients is unique, and therefore, each vaccine requires appropriate individual evaluation and characterization in the target population. Prior to licensure, the disease profile, the vaccine indication (prophylactic, therapeutic), number of doses, route of administration and the population targeted to receive the vaccine (e.g., pediatric age groups, the elderly, immunocom-promised, pregnant women), establish the basis for the safety assessment (Fig. 2) .
New vaccines are classically tested first in healthy populations (usually adults) and then in the healthy target population (for example, children, adolescents), if this is different. Specific high risk populations (for example, immunocompromised individuals), are usually assessed at a later stage. It is neither feasible nor necessary to test the safety of a vaccine in every possible population, especially those in whom the vaccine will not be used or is contraindicated. However, experience with the vaccine in the 'real world' setting after licensure may mean that the assessment of safety in additional populations is necessary (Fig. 3) .
For example, human papillomavirus (HPV) vaccines are indicated for the prevention of cervical cancer due to HPV in young girls/women; a population that includes women of childbearing age. Pregnant women were excluded from participating in prelicensure clinical studies because the vaccine is not recommended for use in this population. However, unintended vaccination of women early in pregnancy may occur, and did occur despite precautionary measures to prevent it. Therefore, the evaluation of vaccine safety during pregnancy has been undertaken by manufacturers through pregnancy registries and in post-marketing safety studies. 16, 17 By contrast, pandemic H1N1 influenza vaccines were recommended for pregnant women who are at high risk for severe influenza. Because of the speed of the pandemic there was not sufficient time to conduct clinical studies in pregnant women, but vaccination was recommended in this group because of the high attendant risk associated with H1N1 infection. Data on the use of H1N1 adjuvanted influenza vaccines in pregnancy was collected, analyzed and acted on during field experience with the vaccine in this population.
The target population intended for vaccination is therefore one of the most important determinants that direct the pre-licensure safety assessment of a new vaccine (Fig. 2) . After licensure, safety activities are directed by field experience, accumulated data from clinical trials and through data obtained during commercial use (Fig. 3) .
How the characteristics of the target population influence the strategy for safety assessment
The target population drives the evaluation of vaccine safety at many levels. At a cellular level, the ability to respond to an individual vaccine and its reactogenicity and safety profile is influenced by the age of the population: vaccine antigens administered together with adjuvants enhance the activation of innate immune responses in the very young in a manner which promotes T-cell help and development of immune memory. 18, 19 At the other extreme, the magnitude of humoral and cell-mediated immune responses decreases with age. In the elderly, antibody responses to vaccines are slower and not as strong as those in younger people, and T-cell subpopulations are not very responsive to vaccines, which may impair the ability to achieve protective immunity after vaccination. 20, 21 At an individual level the assessment of safety may be different in na€ ıve versus primed subjects: for example, pre-existing immunity to a specific antigen may cause lower or higher reactogenicity on re-exposure. The safety evaluation will also be influenced by whether the individual is immune-compromised or has underlying morbidities compared to healthy individuals, and by their physiological status: for example, during pregnancy the maternal immune system is altered to tolerate the semi-allogeneic fetus. 22 These alterations include changes in local (decidua) and peripheral immune responses.
At a population level, some age groups may be more susceptible to certain adverse events. For example the occurrence of febrile convulsion peaks at 18 months of age. 23 The occurrence of febrile convulsion in this age groups needs careful review to distinguish between a potential risk triggered by fever arising from vaccination, and those occurring coincidentally due to common concurrent infections. 24 Pain perception/tolerance also varies with age and gender. Adolescents and young women often report higher frequency and intensity of pain or general symptoms after vaccination than young children or older adults. 25, 26 Psychogenic events, including vasovagal syncope, panic attacks, and associated symptoms that occur with injectable vaccines and any other injection procedures, are also observed most commonly in adolescents and young women. 27 Given the potential variables at a cellular, individual and population level, it is not appropriate to directly extend conclusions regarding the safety profile of one vaccine in a specific population, to another population. Neither is it possible to directly extend conclusions on the safety of one vaccine in a specific population to another vaccine that uses the same adjuvant. Nevertheless, experience with the same adjuvant formulated with other vaccine antigens may be considered as supplementary information for the safety evaluation.
Regulatory aspects relevant to adjuvanted vaccines
Regulatory guidelines for the clinical evaluation of new vaccines are available and are regularly reviewed and updated. 28, 29 However, because the assessment of vaccine safety is highly product and population specific, these guidelines provide little concrete guidance regarding the safety evaluation. Current guidelines specify that the inclusion of an adjuvant in a vaccine must always be justified. Guidelines from the US Food and Drug Administration (FDA) state that: An adjuvant shall not be introduced into a product unless there is satisfactory evidence that it does not affect adversely the safety or potency of the product. 28 Similarly, the European Medicines Agency (EMA) states that: There must be evidence to demonstrate that the benefit in terms of improvement of the immune response has been achieved without an undue increase in local and systemic adverse reactions.
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Adjuvants are not considered to be active ingredients and are not licensed for use alone, but as a specific adjuvant/antigen formulation. 31 This is because it is the adjuvanted vaccine formulation in toto, that is tested in clinical trials and that will be administered after licensure. 31 There is no a priori regulatory requirement for Phase III studies to demonstrate an incremental benefit of an adjuvanted vs. nonadjuvanted formulation, this because several antigens used in candidate vaccines may not elicit a sufficient immune response if administered alone. 31 Safety requirements for vaccine licensure include demonstration that the vaccine is relatively free from harmful effects, and that the evaluation of safety has taken into consideration the character of the product in relation to the condition of the recipient. 31 The assessment of safety also implies an evaluation of the benefit-risk ratio: A safe product is one that has reasonable risks, given the magnitude of the benefit expected and the alternatives available.
(FDA 32 ).
Benefits of adding adjuvants to vaccines
The immune response following exposure to a pathogen (or vaccine) occurs in 2 phases: the initial innate immune response identifies the pathogen and sets off a series of rapid but nonspecific pathways that direct the actions of secondary adaptive response. Effectors of the innate immune response include neutrophils, macrophages, monocytes and dendritic cells. Recognition of a pathogen initiates the release of cytokines, complement, and chemokines from the effector cells. These, along with antigen-presenting cells, are responsible for the cross-talk between the innate and adaptive effector cells, and determine the nature and magnitude of the adaptive immune response. Therefore, in most cases the benefit of adding an adjuvant to vaccine arises from its interaction with the innate immune response. By modulating the innate immune response, adjuvants can influence the downstream immune-phenotype, and can contribute to the quality, magnitude and duration of the immune response to the vaccine antigen, and consequently the efficacy of the vaccine. 33 This feature of adjuvants is particularly important for vaccines containing highly purified antigens which have poor immunostimulatory capabilities. 34 Adjuvants can also therefore improve immunity in populations that respond poorly to unadjuvanted vaccines, including neonates, the elderly and the immunocompromised.
Because the immune response to antigen in the presence of adjuvant is enhanced, a smaller quantity of antigen may be required to induce an effective immune response. This phenomenon is known as 'antigen sparing' and allows for the production of more vaccine doses using a fixed quantity of available antigen. Antigen sparing has important implications in settings where shortages of antigen may occur, such as production of influenza vaccines for the global population in the event of a pandemic. 35 Adjuvants may also allow extension of vaccine shelf-life by increasing stability, which could also be important in settings of potential vaccine shortage. 36, 37 Adjuvants are a heterogeneous group of compounds with one or more mechanisms of action, and different adjuvant/antigen combinations will vary in their ability to trigger an immune response. Thus, combinations of adjuvants with antigen may have advantages over a single adjuvant in improving vaccine immunogenicity if the formulation of different compounds can be optimized to induce a synergistic or additive effect to drive the desired immune response. 38, 39 Approach for evaluating the safety of vaccines containing adjuvants Each vaccine adjuvant-antigen combination may have a different safety profile and a different benefit-risk ratio (Fig. 4) . The benefit-risk ratio may be different for the same vaccines used in a different population that is at higher risk for severe or complicated illness: for example, the potential benefit of influenza vaccination may be greater in the elderly population with comorbidities compared with non-elderly healthy people. Furthermore, the benefit-risk may also change according to the targeted disease: for example, a vaccine against a serious disease with high morbidity/mortality and where no alternative preventive measures are available (such as pandemic influenza), compared to a vaccine against seasonal influenza, a disease that is considered milder, and/or for which other unadjuvanted vaccines are already available.
While pooling or extrapolation of data across vaccines or populations is not recommended due to their many inherent differences, information from safety experience obtained with the same adjuvant formulated with another vaccine antigen, or with the same vaccine administered to another population, may be considered as supplementary information in the overall vaccines safety evaluation.
The safety package that supports licensure of a new product is based on pre-clinical and clinical trial data obtained under controlled conditions; that is, in clinical trials where rigorous inclusion and exclusion criteria are applied, where the vaccine cold-chain and storage conditions are strictly monitored, where vaccine administration is performed under conditions controlled in terms of schedule and administration technique, and where subjects undergo systematic safety monitoring.
Pre-clinical safety evaluation
Pre-clinical tests refer to those tests done in vitro or in animal models. These experiments are performed according to recommendations by major regulatory and public health agencies such as the EMA, FDA and World Health Organization (WHO). Pre-clinical studies guide the initial safety evaluation of the vaccine in humans by identifying events of special attention (potential risks) that need to be followed up, and aiding in the planning of studies in humans to identify dose and schedule. Toxicology and safety pharmacology assessment in relevant animal species or in vitro are required before the first-time-in-human clinical studies with a new vaccine. These non-clinical studies guide the safety evaluation of the vaccine in humans by identifying events of special attention that need to be subsequently monitored in clinical studies. In some circumstances, further toxicity testing in animals may occur in parallel with clinical development: for example, reproductive toxicity studies if the vaccine is intended for use during pregnancy.
The potential toxic hazards of a vaccine formulation may be associated with the adjuvant component of the vaccine or the vaccine antigen, and/or the combination of both. Hence, licensing and regulatory authorities have laid out a detailed framework of pre-clinical vaccine testing, recommending that new adjuvants should also be evaluated separately from the vaccines in which they are included. Pre-clinical testing of the adjuvant alone can aid in attributing observed effects to either the antigen or the adjuvant in the final vaccine. To this end a group that receives the adjuvant alone may be included in animal studies to assess any effects of the adjuvant itself.
If a potential safety issue is identified during clinical trials in humans, it may be useful to conduct additional non-clinical research (or re-evaluate safety data from non-clinical studies), to examine potential mechanisms or to look for signals that could have previously gone unrecognized.
Pre-clinical testing has an important role in identifying and potentially elucidating the nature of specific adverse events. The limitations of pre-clinical testing often relate directly to the species used for investigation. This is because disease pathogenesis and immune responses are usually species-specific, and potential safety concerns in animals may not necessarily indicate an issue in humans. Conversely, the absence of safety concerns in an animal model does not rule out an issue in humans. Thus it is only when a new vaccine reaches the clinic that the reactogenicity and safety profile can be definitively explored. 40 Various regulatory guidelines for toxicological and pharmacological testing of new vaccines and adjuvants exist. 28, 30, 41, 42 However, the approaches vary between authorities and the special challenges associated with the evaluation of adjuvanted vaccines remains at the forefront of ongoing discussions between manufacturers and regulatory agencies. 43 In this evolving environment, GSK Vaccines has developed approaches toward non-clinical evaluation that satisfy and expand upon existing regulatory guidelines. For example, pre-clinical assessment of the candidate MAGE-A3 cancer immunotherapeutic which contains the AS15 adjuvant was performed according to EMA and WHO guidelines. However, because multiple doses would be administered in the clinical setting (generally >13 doses being administered in a period longer than 24 months), pre-clinical experiments on repeated dose toxicity were conducted to evaluate the dosing effect as well as the long-term tolerance (including cardiac assessments), adaptive responses and reversibility of effects. 44 Mode of action of the adjuvant and implications for safety evaluation A good understanding of the adjuvant's mode of action can complement safety evaluations and bring valuable insights in the role of the adjuvant in the candidate vaccine's safety profile. For example, characterization of biochemical and hematological markers can identify relationships between adverse events, genetic disposition and individual patient molecular and cellular responses. Identification of molecular responses and the cell populations directly activated by the adjuvant can show whether there is, or is not, a biologically plausible mechanism in which a vaccine or adjuvant could cause a particular adverse event. Much effort may be put into attempting to identify possible associations between a vaccine and the occurrence of a rare but serious adverse event, and unnecessary effort may be able to be avoided if there is a complete lack of biological plausibility for an association.
Clinical safety evaluation
Safety data collected in clinical vaccines trials needs to be based on an appropriate number of subjects and standardized (as far as is possible) to allow meaningful interpretation of the data and comparability between studies using the same vaccine, and ideally with other vaccines ( Table 1) . [45] [46] [47] Clinical trials need to be appropriately designed in terms of sample size and choice of comparator. It is possible to comprehensively evaluate adverse events that occur at moderate to low frequency events in clinical trials. The EMA recommends that the pre-registration safety database is large enough to detect events occurring at a frequency of between 1/100 and 1/1000 vaccine recipients, with a minimum sample size of 3000. 29 Phase III studies are usually large-scale in order to assess safety and efficacy in the relevant population, and often exceed 3000 participants. Larger cohorts are usually needed to identify adverse events that occur at lower frequency. For example, the first licensed tetravalent rhesushuman and reassortant rotavirus vaccine was voluntarily withdrawn because data suggested an increased risk of intussusception in young infants during the week after vaccination. 48 The evaluation of this rare event (1:11,000) necessitated some of the largest pre-licensure clinical trials ever conducted. These studies enrolled more than 60,000 children in order to rule out an increased risk of intussusception. 49, 50 Although no increased risk of intussusception was found in these large trials before licensure, postlicensure data from international settings suggest the possibility of a small increase in the risk of intussusception within 7 d after receiving first dose of rotavirus vaccine (estimated risk in the US of 1 to 3 infants per 100,000 vaccinated). 51 Comparisons of any adjuvanted vaccine versus saline placebo or unadjuvanted antigen, although preferred for the assessment The acceptable benefit-risk profile is established during the clinical development phase, leading to licensure of the vaccine for the target population.
www.tandfonline.comof safety outcomes, may not be feasible or ethically acceptable. Administration of antigens that are known not to be immunogenic when administered alone is not a useful comparison. Furthermore, when large cohorts are to be enrolled, ethical committees or governing bodies frequently prefer to offer to the control group a licensed vaccine with a well-established safety profile, so that these subjects receive a benefit from study participation. Balanced ratios between vaccine and control groups (1:1 randomization ratio) are preferred for the evaluation of safety outcomes. This is because rare events are more likely to occur in the larger group, making interpretation of the data difficult. Assessment of rare adverse events frequently requires that results from several controlled trials are integrated or pooled, and these trials must therefore be designed in such a way that data pooling is justified. This includes the use of specific statistical methodologies to enable pooling. Ideally, the ratio of vaccine and control recipients in the pooled analysis should be 1:1, but at the very least, a control product exposure that is not less than half that of the candidate vaccine should be maintained.
Many studies utilize Independent Data Monitoring Committees, which are convened to regularly review study data and provide recommendations, including placing the study on hold or stopping the study in the event of a safety concern.
Which data to collect?
Collection of high quality data aims to identify potential adverse events, confirm diagnoses using objective criteria and assess potential relationships with vaccination. Epidemiological information is useful to focus the collection of safety data and aid in the interpretation of safety data during vaccine development. This includes understanding the epidemiology of the disease for which the vaccine is indicated and the characteristics of the population for which it is targeted, including the prevalence of common major comorbidities relative to the general population adjusted for age and sex. Background rates of anticipated events and events of interest may be investigated to permit an assessment of whether rates observed during development or after licensure are as expected, or unexpectedly high. The availability of background adverse events rates is particularly important for uncontrolled clinical trials. Epidemiological data can also inform on the prevalence of risk factors for potential or known adverse reactions associated with the product or the population age, for example, anxiety-related reactions such as vasovagal syncope in adolescents, or the risk of febrile convulsion in infants and young children.
Consideration of these epidemiological data can aid in the identification of adverse events of special interest, which are vaccine and/or population specific and for which close monitoring procedures may be implemented.
Rare adverse events may require specific attention and enhanced data collection methods to ensure that all cases are identified and comprehensively recorded to provide high quality data for interpretation. In addition, aggregating information across studies requires standardized and high quality data collection. To this end, standardized case definitions of a range of adverse events following immunization have been produced by the Brighton Collaboration. 52, 53 For example, for adjuvanted vaccines there is theoretical concern that the adjuvant may increase the risk of an abnormal immune response which may lead to the development of immune-mediated disease. 54, 55 Regulatory authorities have therefore introduced special measures for safety assessment of adjuvanted vaccines. 30 These include a longer safety follow-up period for these adverse events (typically 12 months) following vaccination. 43 A period of 12 months is generally considered a reasonable maximum risk period based on the assumption that autoimmunity after vaccination (should it occur) requires several weeks to develop, but is not likely to occur more than a few months following the last vaccine dose. 56 This period is determined based on the likelihood that the development of immune-mediated diseases may require a similar time frame of several weeks (typically 4 to 6 weeks) as that observed for the onset of post-infectious autoimmune diseases: that is, the interval between when an antigenic stimulus is triggered by natural infection, the subsequent generation of an immunologic response to that stimulus, and the onset of signs/symptoms when the disease becomes clinically apparent. 24 Vaccine manufacturers actively participate in the conversation on how best to monitor potentially immune mediated diseases. In consultation with experts, GSK Vaccines has developed a paradigm for collection of data relating to autoimmune/neuroinflammatory diseases during clinical trials, which is now implemented in all GSK-sponsored studies evaluating adjuvanted vaccines. 56 This approach considers standardized means by which this safety data is obtained to allow its earlier detection and meaningful evaluation. 56 Post-licensure safety evaluation Pre-licensure clinical studies establish the key characteristics of the safety profile of a new vaccine, but these studies have limitations related to their design and sample size. Very rare adverse events cannot be evaluated effectively in controlled clinical trials because of the large numbers or persons required to detect such events. Therefore, it is essential to monitor safety in the larger population exposed after licensure. Rare events may occur temporally with vaccine administration. It is thus important to collect high quality data, and to have a good knowledge of the background incidence of events of interest in the relevant populations, to distinguish events that could be causally associated with the vaccine, from events that are merely coincidental.
Post-registration studies also provide safety information in specific populations that were not included in the pre-registration studies. Some adverse events will predictably increase in these populations relative to what was seen in clinical trials, simply because the background incidence in the specific population is higher than the population as a whole.
Post-licensure epidemiological studies can also address questions not able to be answered prior to licensure or can assess specific adverse events of special interest. These studies can prove challenging to conduct as they require availability of a large vaccinated population, good surveillance mechanisms that are capable of detecting all occurrences of the event, and clear criteria for the diagnosis of the unexpected event under investigation.
In 2010, several retrospective studies suggested an increased risk of narcolepsy among those vaccinated with the AS03-adjuvanted H1N1 pandemic influenza vaccine (Pandemrix TM , GSK) and onset of narcolepsy initially in children, and then also in adults. The incidence of narcolepsy in western countries is estimated at 0.74/100,000 person-years. 57 Narcolepsy is a complex disease and multiple factors may be involved in its development. The etiology of narcolepsy may include a genetic predisposition strongly associated with an HLA II haplotype (DQB1*0602), and environmental risk factors such as streptococcal infection and viral infections, including H1N1 itself. 58, 59 Thus, for complex and very rare events such as narcolepsy, further research is required and retrospective studies alone are not sufficient to assess a possible causal association to vaccination. Research should therefore continue into newer sources of data and methods. 60, 61 Pre-clinical and epidemiological studies are ongoing to further assess the biological plausibility of the observed safety signal, and to better understand the potential contribution of the vaccine and how other factors (i.e., genetic, environmental, circulating infections) may have played a role in the development of narcolepsy. A mimicry-based mechanism could also explain the association between narcolepsy and natural H1N1 influenza infection. For example, a 3-4fold increased incidence of narcolepsy was also observed in 2010 following the H1N1 pandemic wave in China, in a situation of low vaccine coverage (<5 %), with rates of narcolepsy returning to baseline after the pandemic. 58 Examples of other rare events that have been described and actively investigated in association with vaccines, include the sevenfold increased risk of Guillain-Barr e syndrome (GBS) observed within 6-8 weeks of receiving the A/New Jersey swine vaccine during the United States' 1976 swine flu outbreak. 62, 63 During the 2009 H1N1 pandemic, GBS was actively monitored as an adverse event of special interest after vaccination, and the available evidence derived from several negative epidemiological studies showed that the benefits of H1N1 vaccines greatly outweighed the potential risks. [64] [65] [66] Another example is the risk of idiopathic thrombocytopenic purpura shown to be increased in the 6 weeks following the administration of combined measles-mumps-rubella (MMR) vaccination in children, however at a much lower frequency than that observed after natural measles and rubella infection, probably due to the attenuation of the viruses in the MMR vaccines. 67, 68 As well as epidemiological investigations and post-authorization studies, vaccine safety evaluation includes the continuous review of spontaneous adverse event reports collected post-licensure from worldwide sources that include health care professionals, regulatory authorities, members of the public, and literature sources. These voluntarily reported data are regularly reviewed on several levels: as individual case reports, in quantitative analyses for causality assessment, and systematic reviews of aggregate safety data. These data are used for signal detection and investigation, and can guide the design of targeted studies to assess specific safety endpoints.
Each vaccine license is accompanied by a Risk-Management Plan which outlines the specific strategy for post-marketing evaluation of safety and effectiveness. The benefit-risk profile of each vaccine in specific populations is continually re-assessed as new data become available.
Finally, non-clinical and clinical research may continue after licensure as attempts are made to fully define molecular mechanisms of action, assess factors that influence the quality of the immune response, to validate animal or in vitro models and to find correlations between innate immune parameters and reactogenicity. If a potential safety issue is identified during clinical trials in humans, it may be useful to conduct non-clinical research (or re-evaluate safety data from non-clinical studies), to examine potential mechanisms or to look for signals that could have previously gone unrecognized.
Challenges for evaluating adjuvanted vaccine safety
Adjuvanted vaccines present particular challenges for the assessment of safety. The presence of an adjuvant may increase the theoretical concern for certain adverse effects such as elevated levels of pro-inflammatory and pyrogenic mediators, increased local reactogenicity, breakdown of self-tolerance, as well as unwanted effects due to interactions between antigen and adjuvant-induced mechanisms. There have also been alleged associations between squalene and Gulf War syndrome, 69 and aluminum and macrophagic myofasciitis. 70 While a link has been demonstrated between vaccination and the presence of granulomas containing aluminum in muscle tissue, no studies in the literature show evidence of a causal association between longterm persistence of aluminum at the injection site, and systemic symptoms or consequences. Although the currently available evidence does not support causal associations between vaccination and the development of immune mediated diseases, the perception of risk remains, and the value placed by the public on scientific evidence can be easily eroded, affecting the acceptance of all vaccines, including adjuvanted vaccines.
Challenges during the pre-clinical phase Adjuvants can invoke complex immune responses and their precise mode of action is not always known. Appropriate animal models predictive of human responses or disease are infrequently available. This poses challenges not only for accurately identifying the mode of action, but also for assessing potential autoimmunity in an appropriate model. [71] [72] [73] Challenges during the clinical phase The use of adjuvants may contribute to the potential for local and/or systemic reactogenicity. Local reactogenicity may increase as a result of increased vascular permeability, cellular infiltration, and fluid accumulation. Symptoms of systemic inflammation may arise if excessive amounts of pro-inflammatory and pyrogenic mediators are released. Combined effect due to interactions between antigen and adjuvant induced mechanisms may increase reactogenicity. Interactions with the innate immune system could theoretically contribute to the break-down of self-tolerance, with induction of auto-reactive cells that could trigger the onset of autoimmune disease. There is also a theoretical risk of adverse immunological responses that may lead to immune-mediated disorders. This could be due to homology of the vaccine antigen to a human protein (antigen mimicry), or non-specific immune enhancement properties of the vaccine adjuvant. 46, 74 The process of antigen mimicry has frequently been proposed as a potential cause of autoimmunity, and concerns around antigen mimicry have posed obstacles for vaccine design: such as meningococcal serogroup B, where the bacterial polysaccharide resembles molecules present in human neural tissue. 75 To date, however, there has not been any reliable scientific evidence to suggest a link between autoimmune disease and vaccination. 76 Challenges after licensure Adverse events of special interest identified during clinical development need to continue to be monitored after licensure. Newly identified potential risks or signals are investigated and actions are taken to mitigate those risks. However, the assessment of rare adverse events may be complex in terms of establishing diagnostic certainty. Furthermore, assessments usually require significant judgment based on available data and information, and a full understanding the possible pathogenic mechanisms and biological plausibility of a possible causal association.
Conclusion
Adjuvants primarily interact with the innate immune response and are rapidly cleared from the injected muscle and draining lymph node. Their rapid, localized and transient effects have been shown to enhance the quality of the downstream adaptive response to improve immunogenicity. Potential benefits include a faster, stronger, broader and more durable immune response, which may or may not be achieved depending on the vaccine and target population. Other potential advantages of adjuvants include antigen sparing, which reduces antigen exposure in the vaccinated individual and allows production of an increased number of doses, and potentially longer shelf life. The availability of new adjuvants and new adjuvant combinations is making possible the development of new vaccines that can help protect against challenging pathogens, and that can improve protection in difficult population groups that typically respond less well to vaccines.
The benefit-risk ratio is both vaccine and population specific, and may be specific to a particular period in time. The evaluation of vaccine safety begins during development in the laboratory and continues and evolves throughout the life of the product in response to study results and post-marketing experiences. Vaccine safety is closely monitored at each stage of development and after licensure so that unexpected events are detected early and measures taken to limit any risk to the target population. The benefit-risk profile is continuously assessed, managed, and communicated by vaccine manufacturers and Regulators throughout the product's lifecycle.
With respect to adjuvanted vaccines, increased reactogenicity, primarily at the injection site, has been consistently observed for adjuvanted vaccines compared with those that are non-adjuvanted. However these local symptoms are generally mild to moderate in intensity and of short duration, and usually do not impact compliance with dosing schedules. Licensed adjuvanted vaccines have been shown to have clinically acceptable benefitrisk profiles, and concerns that adjuvanted vaccines may be associated with an increase in autoimmune disease have been unfounded. 77, 78 The safety evaluation of an adjuvanted vaccine is ultimately based on the final vaccine (antigen and adjuvant). Collaborations between manufacturers and regulatory authorities aim to develop safety evaluation programs specific to a particular vaccine or population. In recent decades increased efforts have been made by manufacturers and independent groups to standardize methodologies and case definitions of adverse events to allow comparisons and improve assessments of causal associations. Continued evolution of safety evaluation processes that keep pace with advances in vaccine technology and timely communication are essential to maintain public confidence in vaccines, and ensure the public health benefits that high coverage of available vaccines can provide.
Coming years will see licensure of an increasing number of new vaccines containing novel adjuvants, and important experience in the use of these products will be gained. Results of large safety studies and post-marketing surveillance activities currently being undertaken as part of the post-licensure strategies for safety monitoring of adjuvanted vaccines will become available. 77 Additional measures that could aid in the interpretation of safety data could include the use of targeted laboratory screening assessment and the use of biomarkers and the storage of banked serum/tissue specimens. These activities remain experimental and under discussion within the scientific community, 43 and their utility will be explored in coming years.
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